1. Introduction {#sec1}
===============

DNA analyses have become an indispensable tool in soil zoology and soil ecology, especially in studies on trophic interactions [@bib1], soil monitoring [@bib2], and relationships within and among populations [@bib3]. A critical factor for DNA analyses is the collection and the treatment of the samples prior to these analyses. Ideally, samples are taken in a laboratory under optimal conditions, where they can be processed immediately, but for most investigations on soil organisms samples have to be collected directly in the field. To avoid loss in DNA quality, it is therefore essential to optimize the preservation of samples and to find efficient and reliable transport methods. Earthworms play a major role in the composition of soil fauna, as they breakdown and recycle organic material, support plant growth due to their nutrient rich casts, improve soil quality [@bib4], and help aerate the soil. Because of their diversity and importance in soils, earthworms have been studied for decades and molecular tools are increasingly applied to solve taxonomic and phylogenetic questions [@bib5; @bib6], track predation on earthworms [@bib7], reveal the phylogeography and mechanisms of distribution [@bib8], or improve our understanding on litter decomposition [@bib9]. Therefore, samples of earthworm tissue were chosen for the following experiments on preserving and shipping samples for subsequent DNA analyses. There is a variety of methods to preserve tissue and DNA samples that are well tested and frequently used including freezing, drying, and storage in ethanol or buffer [@bib10; @bib11; @bib12]. Among the most often used preservation method of samples collected for DNA analyses is freezing. Freezing at −80 °C or in liquid nitrogen (−196 °C) [@bib11; @bib13] is most often used for long term storage; for short term storage −20 to −28 °C is preferred [@bib10; @bib14]. When samples are collected in the field, it is often difficult to freeze them immediately, and there is a risk of thawing during transport, especially with long distances. Alternatively, samples can be stored in absolute or in 75% ethanol. Ethanol was used successfully in various studies to preserve samples for PCR, sequence analyses or microsatellite amplification [@bib11; @bib15; @bib16; @bib17; @bib18; @bib19], however, several studies observed considerable DNA degradation in tissue and environmental samples stored in 75% ethanol [@bib10; @bib13]. Similarly, contradictory results are reported from drying samples [@bib15; @bib20; @bib21]. Differences in preservation success may be explained partially by different methods of drying -- air-drying, oven drying, chemical drying or freeze-drying [@bib17; @bib18; @bib22]. Unfortunately, there are no systematic studies on stability and damage of DNA in dried samples [@bib23] that would allow a general conclusion. In any case, both methods, preservation in ethanol or by drying, are cost efficient because storage is possible at room temperature.

Besides considering the quality of sample preservation, it may be necessary to calculate all costs and risks that are involved with transport, especially if transport requires several days. For this study we focused on three preservation methods and the effort and risks that arise if samples have to be shipped over long distances for several days. Samples were sent frozen, in 75% ethanol, and freeze-dried. Frozen samples can be shipped on ice, in liquid nitrogen or in dry ice, using special containers; however the needed equipment and the shipment service can become quite expensive, depending on the number of samples. The most cost efficient method is to send samples in maximal 2 kg dry ice. With extra insulation dry ice keeps the samples frozen for two to three days. The problem is that there is a considerable risk of thawing if the shipment is delayed due to customs.

The shipping duration is less important for samples preserved in ethanol. However, ethanol is a flammable liquid and therefore large amounts are classified as "dangerous goods" and require special packaging and transport. For samples that require less than a total amount of 500 ml ethanol at concentrations lower than 80%, a cheaper transport service is available. Shipping of dried samples causes the fewest problems; transport is not restricted by sample size or volume, and extended shipping duration is not a risk for the samples.

In the following experiment we tested three different preservation methods using pieces of earthworm tissue. Earthworms were easily available in high numbers from a breeder. In many zoological and ecological studies the initial sample quality can be reduced due to partial digestion, e.g. in fecal pellets. We simulated this situation by treating the tissue samples with sodium hypochlorite for different periods of time. After preserving the samples by freezing, in 75% ethanol or by freeze drying they were sent from North America to Europe using one of the widely available parcel services. As it is well known that the DNA extraction method is critical for the quality of a DNA sample, we tested two different extraction procedures and finally evaluated the three preservation methods based on the success in PCR amplifications targeting four DNA fragments that differed in length. The aim of this study was to find a preservation method that is reliable and allows cost efficient long time transport of the samples.

2. Material and methods {#sec2}
=======================

2.1. Earthworm samples {#sec2.1}
----------------------

As the source for tissue samples, we used earthworms sold as live bait and later identified morphologically as *Eisenia zebra* (Michaelsen 1903). Seventy-five earthworms were rinsed under water and freeze-killed. A small piece, about one-sixth of the whole worm, cut from the middle of the earthworm body, was used for further treatments.

To simulate different sample quality with partially degraded DNA, earthworm pieces were treated with bleach (1% sodium hypochlorite). Five different bleaching durations were tested: 50, 30, 15, 5, and 0 (control) minutes. Each treatment was applied to 15 earthworm pieces. Finally, the earthworm pieces were individually put into 1.5 ml reaction vials and subjected to one of three preservation methods: freezing (F), ethanol (E), or freeze dried (D), ensuring that each of the 5 different bleaching treatments was represented by 5 samples in each of the preservation methods.

2.2. Storing and shipping methods {#sec2.2}
---------------------------------

Ethanol samples were stored in 75% ethanol at room temperature. Frozen samples were kept in the freezer at −20 °C until shipped on dry ice. Freeze dried samples were stored in the freezer at −20 °C, and put frozen into the freeze drier, where they were vacuum dried using a Virtis 12ES (SPS SCIENTIFIC, Gardiner, NY, USA), at −50 °C and 30 mTorr pressure for two days. All samples were sent at the same day through FEDEX from Athens (Georgia, USA) to Innsbruck (Austria), and arrived without damage after 3 days. In the package of the frozen samples, no dry ice was left and the samples were thawed but still cold. Upon arrival they were immediately transferred to a −80 °C freezer, while the samples preserved in ethanol were kept at 4 °C in a refrigerator, and the dried samples were stored at room temperature.

2.3. DNA extraction {#sec2.3}
-------------------

For the following analyses each of the 75 earthworm pieces was homogenized with glass beads in 300 μl PBS buffer (150 mM sodium phosphate, 150 mM NaCl, pH 7,2) and 5 μl Proteinase K (20 mg/ml) for 1 min at 5.000 rpm using a Precellys^®^ Tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). From each homogenate 100 μl were used for a Chelex^®^ 100 extraction and an additional 100 μl for a peqGOLD™ extraction. The Chelex^®^ 100 extraction method was chosen because it is fast, cheap, and can be adapted to extract a large number of samples simultaneously [@bib24]. After adding 200 μl of 10% Chelex^®^ 100 to each sample, the samples were incubated overnight at 58 °C followed by 15 min deactivation of proteinase K at 94 °C. For the second extraction method a silica based extraction kit (peqGOLD™ Tissue DNA Mini Kit, PeqLab, Erlangen, Germany) was used, following the extraction protocol of the manufactures guidelines; with an incubation time of 1 h at 50 °C. This method was selected because it delivers high quality DNA, and the equipment needed is usually available in most laboratories. Extraction methods based on chloroform or CTAB are cheaper but were not considered as they require more handling and time. All extractions were done in a pre-PCR laboratory using a UV-equipped laminar flow hood. Extraction negative controls were included to check for cross-sample contamination, and all samples were finally stored at −28 °C.

The nucleic acid concentration of all extracts was measured using NanoDrop (ND-1000, NanoDrop Technologies, Inc., Wilmington, USA), following the manufacturer\'s guidelines.

2.4. PCR and visualization of PCR products {#sec2.4}
------------------------------------------

To test the success of DNA preservation, all extracts were tested in PCRs. As it is known from earlier studies that smaller DNA fragments can be detected even in highly digested DNA samples, four DNA fragments of different length were amplified by using appropriate general primers that were successfully used before with earthworm DNA [@bib6] (i) a 431bp fragment of the mitochondrial 12SrDNA using the primers 12SH 10919 and 12SE1 10538 [@bib25], (ii) a 547bp fragment of the nuclear 18SrDNA using the primers 18F3 and 18R925 [@bib26], (iii) a 736bp fragment of the mitochondrial COI (cytochrome c oxidase subunit I) using LCO1490 and HCO2198 [@bib27], and (iv) a 764bp fragment of the nuclear 18SrDNA using the primers 18F3 and 18S b0.5 (1197) [@bib26; @bib28]. The 18srDNA is a multicopy gene and like the mitochondrial DNA it is also present in high copy numbers. Each 10 μl PCR contained 1 μl DNA extract, 1 μl of 10× Buffer (BioTherm™, GenXpress), 3 mM MgCl~2~, 0.2 mM dNTPs, 0.5 μM of each primer, 0.5 mg/ml bovine serum albumin (BSA) and 0.04 U/μl polymerase (BioTherm™, GenXpress). The PCR cycling protocol included 3 min at 95 °C, 35 cycles of 15 s at 95 °C, 30 s at 50 °C, 30 s at 72 °C and a final elongation of 3 min at 72 °C. One positive (DNA of *Aporrectodea* spp., Lumbricidae) and one negative control (PCR-grade water) were included within each PCR run to check for amplification success and DNA carry-over contamination. PCR products (1.5 μl per sample) were visualized by gel electrophoresis using GelRed™ (Genaxxon bioscience GmbH, Ulm, Germany) to stain the DNA. The quantity of PCR products was estimated based on a molecular weight marker. All samples which produced no or very weak (\<10 ng/μl) PCR products were re-tested in a second PCR, to exclude false negatives.

2.5. Statistical analyses {#sec2.5}
-------------------------

Nucleic acid concentrations between preservation methods were compared using a Kruskal--Wallis-Test in SPSS (version 18.0.0). Samples of the two different extraction methods were calculated separately. The binomial ANOVA analysis was used to analyse the effects of bleach treatment, preservation method, extraction method, and length of target sequence on the amplification success. A Chi square test was calculated to support significances from the ANOVA. These tests were performed using R (R Development Core Team 2010; [@bib29]). For binomial data analyses PCR results were counted as 1 for positive and as 0 for negative samples.

To compare the amplification success for the different DNA fragments, tilting confidence intervals, which adjust for bias and skewness in the bootstrap distribution and are asymmetrical, were calculated by 9999 bootstrap resamples using S-PLUS 8.1 (for Windows, TIBCO Spotfire, Somerville, USA). The tilting confidence interval was set at 95% and, accordingly, non-overlapping intervals indicate significant differences at *P* \< 0.05.

3. Results {#sec3}
==========

The ANOVA analysis revealed three parameters and their interactions that influence the amplification success -- the shipping method, the extraction protocol, and the length of the fragment that was amplified during PCR.

3.1. Effect of bleach {#sec3.1}
---------------------

The five bleaching treatments did not show any decrease of the DNA amplification success with increasing time of bleaching. Considering the results of all PCRs (4 reactions for each of the 2 DNA extracts of a single tissue sample) 63.4%, 56.7%, 53.3%, 64.2%, and 69.2% of the 50 min, 30 min, 15 min, 5 min, and 0 min treatment, respectively, tested positive ([Fig. 1](#fig1){ref-type="fig"}b, d).

3.2. Storing and shipping methods {#sec3.2}
---------------------------------

The overall amplification success, including results for all fragment lengths and of both extraction methods, did not differ much: the ratio of successful to unsuccessful PCR for frozen, ethanol conserved, and freeze dried samples was 117/83, 123/69, and 123/77, respectively.

The most obvious differences between the preservation methods could be observed for samples extracted with PeqGOLD™ ([Fig. 1](#fig1){ref-type="fig"}c). Here the DNA amplification success for the longest DNA fragment of 764bp, shows a significantly lower DNA amplification success for ethanol preserved and frozen samples (58.3%, *χ*^2^ = 30.42, *P* = 0.0216; 24.0%, *χ*^2^ = 30.42, *P* = 0.0372) compared to freeze dried samples. The DNA amplification success of the second longest fragment of 736bp was significantly lower for samples stored frozen (32.0%, *χ*^2^ = 32.21, *P* = 0.0393) than for samples stored in ethanol or freeze dried. The DNA amplification success of the two smallest fragments, 431bp and 547bp, was not significant influenced by the preservation method. The Chelex^®^ 100 extracts did not show a similar trend ([Fig. 1](#fig1){ref-type="fig"}a). The 547bp long fragment was significantly better amplified from samples preserved in ethanol (83.3%, *χ*^2^ = 35.55, *P* = 0.0442) and by freezing (84.0%, *χ*^2^ = 35.55, *P* = 0.0367) than samples that were freeze dried. The longest fragment, 764bp, showed a significantly better DNA amplification success for samples preserved in ethanol (45.8%, *χ*^2^ = 30.42, *P* = 0.0288), compared to freeze dried and frozen samples (both 16%). For the Chelex^®^ 100 extracts, the DNA amplification success of the 431bp and 736bp long fragments was not significantly influenced by the preservation method.

3.3. DNA extraction {#sec3.3}
-------------------

The two extraction protocols differed significantly with respect to DNA amplification success. Only 49.7% of PCRs with samples extracted using Chelex^®^ 100 resulted in an amplification product. PeqGOLD™ extracted samples showed a significantly better DNA amplification success -- 72% (*χ*^2^ = 24.32, *P* = 0.0002). The difference in amplification success for the two smaller fragments (431bp and 541bp -- 97.3% and 98.7% for peqGOLD™ and 90.5% and 74.3% for Chelex^®^ 100 extracted samples) was not significant, but the two longer fragments, 736bp and 764bp, showed significantly higher DNA amplification success for samples extracted with peqGOLD™ (*χ*^2^ = 24.17, *P* \< 0.0001, *χ*^2^ = 10.45, *P* = 0.0016).

The nucleic acid concentration varied between 1 and 101 ng/μl (mean 16 ng/μl) and 181 and 1857 ng/μl (mean 739 ng/μl) for PeqGOLD™ and Chelex^®^ 100 extracted samples, respectively. Among the Chelex^®^ 100 extracted samples those preserved in ethanol showed significantly lower nucleic acid concentrations compared to freeze dried and frozen samples. For samples extracted with PeqGOLD™, the nucleic acid concentration of the frozen samples was significantly lower than for samples freeze dried or preserved in ethanol.

3.4. Fragment lengths {#sec3.4}
---------------------

Shorter fragments had a better DNA amplification success than longer fragments ([Fig. 2](#fig2){ref-type="fig"}). The tilting confidence intervals (TCI) were calculated to support those data. The TCI of the DNA amplification success, for peqGOLD™ extracted samples, showed significantly better results for the shortest fragment (431bp) than for the longer fragments (736bp and 764bp) (notice: no TCI could be calculated for fragment 547bp as all samples were tested positive). Chelex^®^ 100 extracted samples showed a significant difference in DNA amplification success between all fragment lengths. Mitochondrial genes are usually much more abundant in DNA extracts than nuclear genes, but this did not influence the DNA amplification success. The two longest fragments, COI (736bp) and 18SrDNA (764bp), showed comparable amplification success when extracted with PeqGOLD™. For Chelex^®^ 100 extracted samples the amplification success for the nuclear gene was even better than for the mitochondrial one.

4. Discussion {#sec4}
=============

The aim of the presented experiment was to find an optimal DNA preservation method with respect to risks and costs for shipping samples for several days over long distances. Interestingly, the best preservation method for tissue samples evaluated by PCR amplification success depended on the extraction method: the freeze-dried samples performed best when a silica based extraction kit was used, whereas the ethanol preserved samples worked best when samples were extracted with Chelex^®^ 100. Considering the requirements and risks for shipping samples, freeze drying is the easiest and cheapest preservation method, followed by preservation with ethanol, which is restricted to a maximum volume of 500 ml ethanol or would require special shipment conditions for flammable goods. In contrast to frozen samples, freeze-dried and ethanol preserved samples are not at risk due to unexpected delays in transport. Working in remote areas usually requires transport of samples to a laboratory for further treatments. As this short distance transport is anyway necessary, it is likely to find a laboratory that provides the equipment needed for freeze drying. Thus, including all arguments, we recommend using freeze drying as the preferred method of sample preservation for long distance shipping.

Previous studies showed that short time storage (up to 1 year) of freeze- dried samples for later DNA extraction and PCR analyses, was successfully used for medical samples [@bib30], microbial communities [@bib31], algae and seagrass [@bib32], or for feces [@bib33; @bib34; @bib35]. Due to the recovery of ancient DNA from bones and other fossils it is known that DNA can survive in dried samples for up to 50,000 years [@bib36; @bib37; @bib38; @bib39]. However, these ancient DNA samples also show considerable degrees of DNA degradation [@bib37; @bib40]. Systematic experiments on the stability and degradation of DNA in dried tissue samples during long term storage are rare. Matsuo and co-authors [@bib14] found only slight degradation of DNA and no significant influence on PCR analysis in freeze-dried liver tissue samples that had been stored for up to four years. Recent efforts to understand the degradation processes concentrate on samples of extracted DNA, with the main aim to reduce costs that arise for storing samples at −80 °C. According to these studies the two main factors increasing DNA breakdown even in well dried samples are humidity and oxygen [@bib41; @bib42].

The most common way of preservation, freezing at −20 to −80 °C, did not perform best in our experiment. This is most likely a consequence of the temperature increase during shipment. Several studies found that singular thawing of samples, or recurring thawing and freezing of samples can lead to DNA degradation [@bib43; @bib44; @bib45]. It is likely that a shorter transportation time or a better insulation of the package that ensures constantly frozen samples may lead to an overall better performance of this preservation method. Therefore, the decision against freezing as the preferred preservation method is guided mainly by handling convenience.

PCR analyses have become an important tool in ecological studies, especially because detection of minute amounts of DNA is possible. Analysing trophic interactions, distribution of individuals, migration, and relationships among populations is possible from samples that are small or even digested like feces, prey remains, shed skin cells, saliva or gut content [@bib46; @bib47; @bib48; @bib49]. To simulate partially digested samples we treated the earthworm pieces with bleach. Bleach has been used in several studies to break down DNA remains, in bones and teeth or on the surface of maggots, and spotted pink ladybug [@bib50; @bib51; @bib52]. Based on these studies we selected the treatments of five to 50 min with 1% active sodium hypochlorite. There was no effect observed in our study. Obviously longer incubation times and a higher concentration would be needed to significantly degrade DNA in tissue samples.

The nucleic acid concentration differed considerably between the extraction methods, which is due to limited binding capacity of the silica-based matrix. The storage methods did show an impact on the nucleic acid concentration but there was no correlation between nucleic acid content and DNA amplification success. This can be explained due to the sensitivity of our PCR assays that has been tested successfully with samples containing less than 1 ng/μl of DNA.

For studies with high sample numbers, fast and cost efficient DNA extraction methods are an advantage. Therefore, the Chelex^®^ 100 extraction protocol is still used frequently, although it is known that the amplification rate of the DNA extracts is reduced compared to samples extracted with other extraction methods [@bib53]. In our experiment the storage of samples in ethanol performed best for samples treated with Chelex^®^ 100. It is worth noticing, that for short DNA fragments there is no difference in the DNA amplification success between the two extraction methods. When choosing an optimal preservation and extraction method, it is important to consider the length of target sequence in the subsequent DNA analyses. Numerous studies on trophic interactions and sequence analyses of ancient DNA prove that small DNA fragments can survive degradation processes during digestion, decomposition, or fossilization [@bib36; @bib54; @bib55; @bib56]. Thus the choice of preservation method has to be considered with respect of the research question.

5. Conclusion {#sec5}
=============

In conclusion we recommend freeze drying samples, especially when they are sensitive to thawing, and have to be shipped for longer distances. Freeze- dried samples do not need any special packaging or declaration of dangerous goods, the risk of DNA degradation for samples that are delayed due to transport is minimal, and storage at room temperature is cheaper than freezing samples. Storing freeze dried samples up to a year at room temperature is possible [@bib30] but it is recommended to use a desiccator. It also would be an asset if the choice of the extraction method is made before the samples are taken, to find the best storage method and thus ensure the best DNA amplification success.
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